Introduction
Natural rubber or poly(cis-1,4-isoprene) is a high-molecularmass biopolymer (>1,000 kDa) with unique and valuable mechanical properties that cannot be matched by synthetic alternatives (van Beilen and Poirer 2008) . Natural rubber is synthesized in the latex (the cytoplasm of laticifers or specialized parenchyma cells) of >2,500 plant species (Bonner 1991 , Cornish 2001 , Hagel et al. 2008 . Most natural rubber suitable for industrial and medical applications is currently sourced from the para rubber tree (Hevea brasiliensis), but rubber with comparable properties can also be found in the latex of guayule (Parthenium argentatum) and Taraxacum spp. (Mooibroek and Cornish 2000 , van Beilen and Poirier 2007 , van Beilen and Poirer 2008 , Munt et al. 2012 . Although latex and rubber production appears to be polyphyletic in origin, similar mechanisms and underlying enzymes have been identified in all rubber-producing plants investigated thus far (Metcalfe 1967 , Lewinsohn 1991 . However, neither the detailed molecular mechanism of rubber biosynthesis nor the precise biological function of latex and natural rubber are completely understood.
Latex is a species-dependent mixture of secondary metabolites, enzymes and stress/defense proteins (El Moussaoui et al. 2001 , Kim et al. 2003 , Langenheim 2003 , Chow et al. 2007 , Wasano et al. 2009 ) which may therefore play a key role in defense against pathogens, parasites and herbivores (Dussourd 2003 , Konno et al. 2004 ). The rubber component of latex may plug wound sites to prevent entry by pathogens and may also trap insects and/or prevent feeding by gumming their mouthparts (Dussourd and Eisner 1987 , Agrawal and Konno 2009 , Konno 2011 .
Natural rubber synthesis occurs on the surface of rubber particles, which are unique organelles found only in latex (Cornish et al. 1999 , Wood and Cornish 2000 , Cornish 2001 . Rubber particles from different species have a similar globular structure comprising a homogeneous rubber core enclosed by an intact monolayer membrane that contains lipids, proteins and minor components such as sterols, thus forming an interface between the hydrophobic rubber molecules and the cytosol (Siler et al. 1997 , Cornish et al. 1999 , Wood and Cornish 2000 . Rubber synthesis is catalyzed by rubber transferases (EC 2.5.1.20) with cis-prenyltransferase (CPT) activity (Archer et al. 1963 , Siler and Cornish 1993 , Cornish 2001 , Kharel and Koyama 2003 , Schmidt et al. 2010b .
In Taraxacum brevicorniculatum, three highly conserved CPT genes designated TbCPT1-TbCPT3 are expressed predominantly in latex and are located on rubber particles (Schmidt et al. 2010a , Schmidt et al. 2010b ). These enzymes were recently shown to be essential for rubber chain elongation in planta through the comprehensive analysis of transgenic T. brevicorniculatum plants . However, additional factors appear to be necessary for efficient long-chain rubber production, such as the small rubber particle protein (SRPP) and the rubber elongation factor (REF) associated with rubber particles in H. brasiliensis, and thus referred to hereafter as HbSRPP and HbREF , Oh et al. 1999 . The function of these proteins is not clearly understood, but they are thought to stimulate rubber biosynthesis by supporting CPT activity, as shown in P. argentatum (Kim et al. 2004) .
We have previously screened expressed sequence tag (EST) data and carried out PCR using degenerate primers to identify five SRPPs in T. brevicorniculatum (TbSRPP1-TbSRPP5) although these were initially assigned to the closely related species T. koksaghyz due to the erroneous labeling of plants in the botanical gardens (Schmidt et al. 2010a , Kirschner et al. 2012 . The corresponding genes (with the exception of TbSRPP2) are expressed predominantly in laticifers, and the proteins are located on rubber particles, with TbSRPP3-TbSRPP5 forming the major proteinaceous constituents of the particles . Recent attempts to determine the function of TbSRPPs in vivo by RNA interference (RNAi) showed that downregulation of the genes reduced the rubber content of the latex and that the loss of TbSRPP3 had a particularly severe impact ).
The rubber particles in the TbSRPP-depleted plants were also less stable than in wild-type plants, although the average molecular weight and polydispersity of the rubber were unchanged, suggesting that TbSRPPs are required to stabilize the rubber particle structure and create the architecture necessary for efficient synthesis and deposition . The five TbSRPPs share a high level of sequence identity with each other and with related proteins in other species, including HbSRPP and the putative Arabidopsis thaliana stress-related protein AtSRP (Ko et al. 2003 , Gechev et al. 2005 , Schmidt et al. 2010a ). TbSRPP2 shows the highest sequence identity to AtSRP (Schmidt et al. 2010a ). Interestingly, HbSRPP may be involved in latex coagulation to protect plants against pathogens by wound sealing, thus suggesting a dual role for TbSRPPs in rubber biosynthesis and plant stress responses (El Moussaoui et al. 2001 , Wititsuwannakul et al. 2008 .
Adaptive stress responses in plants often involve cooperative and antagonistic interactions between signaling pathways activated by ABA and other plant hormones such as salicylic acid, jasmonic acid and ethylene (Mauch-Mani and Mauch 2005 , Hirayama and Shinozaki 2010 . The promoters of many genes induced by ABA and/or abiotic stress contain a conserved ABA-responsive element (ABRE), which includes a core G-box sequence (CACGTG) recognized by basic region/leucine zipper (bZIP) transcription factors (Giuliano et al. 1988 , Izawa et al. 1993 , Foster et al. 1994 , Menkens et al. 1995 , Busk and Pages 1998 . The A. thaliana genome encodes 75 bZIP transcription factors in 10 subfamilies classed according to sequence similarities and other conserved features. The ABRE-binding factors (ABFs) are predominantly found in Group A, which in A. thaliana is also known as the ABI5-ABF-AREB subfamily (Jakoby et al. 2002) . ABI-ABF-AREB proteins contain three conserved N-terminal domains (C1, C2 and C3) and one conserved C-terminal domain (C4) which may contain target sites for protein kinases such as casein kinase II (CKII), sucrose non-fermenting1-related protein kinase 2 (SnRK2) and calmodulin-dependent protein kinases (CDPKs) (Choi et al. 2000 , Uno et al. 2000 , Bensmihen et al. 2002 , Jakoby et al. 2002 , Choi et al. 2005 , Furihata et al. 2006 , Fujita et al. 2011 . Phosphorylation is used to regulate the activity of plant bZIP transcription factors by controlling DNA binding, dimerization, transactivation, nuclear translocation, degradation and protein interactions (Meshi et al. 1998 , Hardtke et al. 2000 , Siberil et al. 2001 , Furihata et al. 2006 , Djamei et al. 2007 , Schütze et al. 2008 , Kirchler et al. 2010 ). The A. thaliana ABF genes ABF1, ABF2 (AREB1), ABF3 and ABF4 (AREB2) are predominantly expressed in vegetative tissues and are induced by abiotic stress (Choi et al. 2000 , Uno et al. 2000 , Kang et al. 2002 , Fujita et al. 2005 , Kim 2006 ). Previous reports suggest that phosphorylation within the N-terminal conserved domains of A. thaliana and rice ABF proteins is required to mediate ABA signaling (Kagaya et al. 2002 , Furihata et al. 2006 , Hong et al. 2011 .
We used the yeast one-hybrid system to isolate a T. brevicorniculatum bZIP transcription factor (TbbZIP.1) with sequence similarities to the ABI-ABF-AREB subfamily. The TbbZIP.1 gene is predominantly expressed in laticifers and the protein promotes the expression of TbSRPP genes in an ABAdependent manner, probably mediated by ABA-inducible protein kinases. We also showed that exogenous ABA enhances the expression of both TbbZIP.1 and TbSRPP genes, but that the individual TbSRPP genes had distinct expression profiles in response to induction, suggesting diverse roles in rubber biosynthesis and stress tolerance. This is the first study to describe a link between a hormone-responsive transcription factor and rubber biosynthesis, providing greater insight into the regulation of rubber biosynthesis and its natural role, and offering novel strategies to boost the production of rubber in cultivated plants.
Results
Identification of a cDNA encoding a protein interacting with the TbSRPP1 promoter The TbSRPP1, TbSRPP3, TbSRPP4 and TbSRPP5 genes have similar expression profiles and are therefore likely to be co-regulated, but neither promoter sequence alignment nor de novo analysis using TFSEARCH revealed conserved potential binding sites. We therefore used 159 bp of the TbSRPP1 promoter sequence upstream of the TATA box (PTbSRPP1-246-87) as the bait in a yeast one-hybrid screen of T. brevicorniculatum latex cDNAs (Fig. 1A) . Potential prey proteins were expressed as GAL4 fusions in a primary library comprising 4Â10 7 yeast clones, and the HIS3 gene was driven by PTbSRPP1-246-87, allowing interactions to be selected using Saccharomyces cerevisiae Y187 cells growing on medium lacking histidine. The concentration of 3-amino-1,2,4-triazole (3-AT) required to suppress fully basal HIS3 gene expression under the control of PTbSRPP1-246-87 was 25 mM, and this was used for all subsequent experiments.
We isolated 96 HIS3-complemented yeast clones, 11 of which were shown by BLAST analysis to contain prey plasmids encoding fragments of potential DNA-binding proteins. One prey plasmid contained a full-length cDNA encoding a bZIP transcription factor, that we designated TbbZIP.1 (GenBank accession no. KC020185). The bait and the prey plasmids contained constitutively expressed marker genes for the selection of tryptophan and leucine auxotroph yeast cells (Fig. 1A) , but expression of the histidine marker gene HIS3 was controlled by the bait sequence and was therefore induced by the interaction between TbbZIP.1 and PTbSRPP1-246-87. Thus, this interaction was confirmed by analyzing the growth of Y187 cells Fig. 1 Schematic overview of bait and prey constructs used in the yeast one-hybrid system (A) and analysis of TbbZIP.1 binding properties by colony spotting (B). Different optical densities were dropped on 2ÂDO and 3ÂDO medium. Co-transformation of pGAD-Rec-53 encoding a murine p53 DNA-binding protein and p53HIS2 containing three tandem copies of the consensus p53-binding site served as positive controls. The basal activity of the TbSRPP1 promoter fragment (PTbSRPP1-246-87) was fully repressed by the addition of 25 mM 3-amino-1,2,4-triazole (3-AT). The CaMV35S promoter sequence (PCaMV35S) served as a control bait sequence for TbbZIP.1 binding specificity. ADH1, yeast alcohol dehydrogenase 1; C, CDS III recombination sequence; ds cDNA, double-stranded cDNA; GAL4 AD, GAL4 activation domain; HA, hemagglutinin epitope tag; HIS3, histidine nutritional reporter gene; Leu, leucine; PADH1, ADH1 promoter; PminHIS3, minimal promoter of the HIS3 locus; PT7, T7 promoter sequence; S, SMART III recombination sequence; TADH1, ADH1 termination signal; Tb, Taraxacum brevicorniculatum; TminHIS3, terminator of HIS3 locus; Trp, tryptophan; UTR, untranslated region; SD, synthetically defined medium; SD 2ÂDO, SD medium without leucine/ tryptophan; SD 3ÂDO, SD medium without histidine/leucine/tryptophan. carrying both the TbbZIP.1 prey plasmid and the corresponding bait construct at different optical densities at 600 nm (OD 600nm ) on double drop out (2ÂDO) medium lacking leucine and tryptophan (transformation control) and on triple drop out (3ÂDO) medium lacking leucine, tryptophan and histidine supplemented with 3-AT (Fig. 1B) . Cells expressing TbbZIP.1 grew better on 3ÂDO medium supplemented with 10 and 25 mM 3-AT than cells co-transformed with a prey plasmid encoding the unrelated human protein p53 and the PTbSRPP1-246-87 bait construct, whose growth was comparable with that of the negative control (basal HIS3 expression driven by PTbSRPP1-246-87 suppressed by 25 mM 3-AT). In contrast, Y187 cells expressing p53 and transformed with the appropriate bait construct comprising three copies of the p53 binding site upstream of HIS3 grew strongly on 3ÂDO medium containing 3-AT (positive control). The binding specificity of TbbZIP.1 was verified by introducing the TbbZIP.1 prey plasmid into yeast cells carrying an irrelevant bait construct, comprising the Cauliflower mosaic virus (CaMV) 35S promoter sequence (PCaMV35S) upstream of HIS3, which failed to grow on the corresponding medium. This confirmed that TbbZIP.1 and PTbSRPP1-246-87 interact specifically and functionally in the yeast one-hybrid system and the TbbZIP.1 cDNA was therefore selected for more detailed analysis.
Characterization of TbbZIP.1
The 1,221-bp TbbZIP.1 cDNA comprised a single open reading frame encoding a putative protein of 406 amino acids in length with a predicted molecular mass of $45 kDa. The deduced TbbZIP.1 protein sequence showed 42-46% sequence identity with A. thaliana ABFs and 30-33% identity with DPBF2, DPBF4 and ABI5, all representing the Group A/ABI5-ABF-AREB subfamily ( Table 1) . Expression profiling revealed that TbbZIP.1 was expressed at a higher level in latex than in the other T. brevicorniculatum tissues we analyzed, suggesting a specific regulatory function in laticifers ( Fig. 2A) .
Further sequence analysis indicated that the bZIP domain was adjacent to the C-terminus, and contained a putative bipartite nuclear localization signal (NLS) within the basic region (predicted using WoLF PSORT) and a zipper domain comprising three heptad leucine repeats typical of Group A bZIPs (Fig. 2B, Table 2 ). The basic region of TbbZIP.1 was similar to that of the other aligned subfamily members except that a conserved glutamine is replaced by arginine, which suggests that TbbZIP.1 has unique DNA-binding properties. The three conserved N-terminal domains (C1, C2 and C3) and the single conserved C-terminal domain (C4) that are common to ABI5-ABF-AREB proteins were also present in TbbZIP.1, suggesting that it is a substrate for ABA-dependent protein kinases (Choi et al. 2000 , Uno et al. 2000 , Bensmihen et al. 2002 , Jakoby et al. 2002 , Choi et al. 2005 , Furihata et al. 2006 ).
The TbbZIP.1 gene comprised four exons and three introns, with canonical consensus splice sites and the introns clustered at the 3 0 end of the coding region (Fig. 2C ). This exon-intron structure is characteristic for genes encoding Group A bZIPs, supporting the assignment of TbbZIP.1 to this subfamily based on protein sequence analysis (Jakoby et al. 2002 , Corrêa et al. 2008 .
Localization and dimerization studies
Because bZIP transcription factors must be imported into the nucleus and bind to DNA as dimers (Ellenberger et al. 1992) , we investigated the subcellular localization and binding of TbbZIP.1 in vivo using monomeric red fluorescent protein (mRFP)-based bimolecular fluorescence complementation (BiFC). The mRFP fluorescence resulting from interacting TbbZIP.1 monomers was detected by confocal laser scanning microscopy (CLSM). We co-infiltrated Nicotiana benthamiana epidermis cells with constructs encoding TbbZIP.1 expressed as N-terminal fusions with the N-and C-terminal components of mRFP. CLSM analysis revealed red fluorescence specifically in the nucleus, which was possible only if (i) both fusion proteins were imported into the nucleus and (ii) the TbbZIP.1 proteins dimerized to bring together the complementary parts of the fluorescent reporter protein (Fig. 3C) . No fluorescence was observed when the TbbZIP.1-N-mRFP was co-expressed with the unmodified C-mRFP protein, or when the TbbZIP.1-C-mRFP was co-expressed with the unmodified N-mRFP protein, confirming that specific interactions between pairs of TbbZIP.1 proteins are required and that the mRFP components do not assemble spontaneously (Fig. 3A, B) . We also found Sequences were aligned pairwise using the EMBOSS Needle Alignment tool from EMBL-EBI (www.ebi.ac.uk). GenBank accession numbers for bZIP transcription factors are provided in the Materials and Methods. The values shown refer to the average of three plants and were determined according to Pfaffl et al. (2002) . Standard deviations are indicated. (B) Alignment of the deduced protein sequence of TbbZIP.1 with A. thaliana ABI5-ABF-AREB subfamily members ABFs, DPBFs and ABI5. Sequences were aligned using the program ClustalW (Larkin et al. 2007 ). The bZIP domain is shown in light blue, the basic region is represented by a line below the sequence and arrowheads indicate the positions of the heptad repeats of leucine within the zipper motif. The putative NLS within the basic region is shown by a line above the protein and was predicted using the program WoLF PSORT (Horton et al. 2007 ). The conserved regions C1-C4 are shown in light purple and contain putative phosphorylation sites for serine/threonine protein kinases. The most common potential target sites were S/T-X-X-D/E for CKII marked with a light gray arrowhead and R/K-X-X-S/T for SnFK2 and CDPKs marked with a dark gray arrowhead. Serine residues within the basic region, which are also potential phosphorylation targets, are marked with white arrowheads. Deviations in the protein sequence that might have an impact on the potential phosphorylation or DNA binding are shown in red. (C) Genomic organization of TbbZIP.1. Exons are shown as boxes, and introns as lines, the numbers above the lines representing the size of the introns. The regions encoding conserved domains are shown in light purple and the region that encodes the bZIP domain is shown as a light blue box divided by introns.
that TbbZIP.1 expressed as C-terminal fusions with the two mRFP components yielded no fluorescence, suggesting that C-terminal fusions interfere with dimerization.
Functional analysis of TbbZIP.1
TbbZIP.1 as a transcriptional activator. The yeast one-hybrid experiments implied an interaction between TbbZIP.1 and cis-acting regulatory elements within the TbSRPP1 promoter fragment used as the bait. To determine whether TbbZIP.1 was able to activate transcription in plant cells, we carried out transient transactivation experiments by co-transfecting tobacco protoplasts with corresponding reporter and effector constructs (Fig. 4A) . The reporter construct comprised the gusA gene encoding the enzyme b-glucuronidase (GUS) controlled by either the TbSRPP1 bait promoter fragment including the TATA box and 5 0 -untranslated region (UTR), or by a more extensive construct including $1 kb of the upstream promoter sequence. The effector plasmid comprised the TbbZIP.1 coding sequence driven by the constitutive CaMV35S promoter to ensure TbbZIP.1 was produced in the protoplasts. The constitutive expression of TbbZIP.1 induced GUS activity in cells transfected with both reporter constructs, indicating that TbbZIP.1 was able to transactivate gusA expression driven by both promoter sequences (Fig. 4B , Supplementary Table S4) . As well as providing independent confirmation of the yeast one-hybrid data, the above results and the relationship between TbbZIP.1 and the ABA/ stress-inducible ABI5-ABF-AREB subfamily suggest that the Abbreviations: attB1/2, attB cassette frame; attR1/2, attR cassette frame; ccdB, DNA gyrase subunit A to suppress letD; dPCaMV35S, double Cauliflower mosaic virus 35S promoter; HA, hemagglutinin tag; LB, left recombination border; myc, c-myc tag; cw, cell wall; n, nucleus; RB, right recombination border; s, stomata; T35S, Cauliflower mosaic virus 35S terminator; UTR, untranslated region. activity of TbbZIP.1 should also be regulated by ABA. We therefore repeated the transfection experiments in the presence of 100 mM exogenous ABA, resulting in a significant induction of GUS activity and confirming that the activity of TbbZIP.1 is regulated in an ABA-dependent manner (Fig. 4B) .
Regulation of TbbZIP.1 activity by phosphorylation. ABI5-ABF-AREB subfamily proteins are supposed to be targets for protein kinases that phosphorylate conserved serine or threonine residues within the C1-C4 domains, which are also present in TbbZIP.1 (Fig. 2B) . Furthermore, two highly-conserved serine residues in the basic region have recently been shown to act as acceptor sites for phosphate groups and to make direct contacts with DNA, providing a mechanism by which phosphorylation can influence the DNA-binding activity of bZIP proteins (Kirchler et al. 2010 ). These two serine residues are also conserved in TbbZIP.1 (Fig. 2B) , suggesting that they may be phosphorylation target sites that regulate TbbZIP.1 activity in an ABA-dependent manner. We investigated TbbZIP.1 phosphorylation using the protein kinase inhibitor staurosporine, which can suppress transactivation by ABF/ AREB proteins in A. thaliana leaf protoplasts (Uno et al. 2000) potentially by inhibiting a 42-kDa ABA-induced SnRK2 family protein kinase that has been shown to phosphorylate conserved R-X-X-S/T sequences in the ABF2/AREB1 protein in vitro (Furihata et al. 2006 ). The GUS activity in the presence of TbbZIP.1 and exogenous ABA was significantly reduced by the addition of staurosporine, suggesting that the activity of TbbZIP.1 is post-translationally induced by protein kinases acting downstream of ABA (Fig. 4C , Supplementary Table S5) .
Influence of ABA and TbbZIP.1 on the expression of TbSRPP2-TbSRPP5. We carried out similar transactivation experiments to those described above, but this time involving TbbZIP.1 and the upstream promoter elements of TbSRPP2-TbSRPP5 to gain further insight into the biological functions of the corresponding proteins. We found that all four reporter constructs were transactivated by TbbZIP.1 and that expression was induced further by the application of exogenous ABA (Fig. 5, Supplementary Table S6 ). There were significant differences in the extent of transactivation and the induction ratio achieved with ABA, suggesting that the different genes are not precisely co-regulated and may thus have diverse functions (Fig. 5) .
ABA-induced expression of TbbZIP.1 and TbSRPP1-TbSRPP5 in planta
Transient expression experiments in tobacco protoplasts suggested that the TbSRPP genes are induced by ABA, in a process mediated by the transcription factor TbbZIP.1, and that the TbbZIP.1 gene is also induced by ABA, as shown for other ABFs (Choi et al. 2000 , Lopez-Molina et al. 2001 , Kagaya et al. 2002 , Hong et al. 2011 . We therefore investigated the expression of TbSRPP1 and TbbZIP.1 in 4-week-old T. brevicorniculatum seedlings by quantitative real-time PCR (qRT-PCR) Fig. 4 Functional analysis of TbbZIP.1 by transient expression in tobacco mesophyll protoplasts with reporter constructs combined with effector constructs or the empty pAM-plasmid as a control. Transfection efficiency was normalized with the pAM-CaMV355S-luciferase (LUC) construct. GUS activity was determined after 16 h incubation of protoplasts with or without 100 mM ABA (dissolved in methanol) added to the regeneration medium. Control transfections were treated with the appropriate amount of methanol. Each data point represents a minimum of three independent transfections, with standard deviations indicated by bars. The ratios shown on the right site indicate multiples of GUS activity compared with the value observed from each reporter construct alone. Student's t-test confirmed 95% (*) or 99% (**) confidence for co-expression of TbbZIP.1 and/or treatments. with and without the application of 100 mM exogenous ABA (Fig. 6) . A T. brevicorniculatum homolog of the A. thaliana late embryogenesis-abundant (LEA) gene HVA22 was used to confirm the induction of ABA-dependent signaling pathways (Shen et al. 1993 , Chen et al. 2002 . The TbHVA22 mRNA level increased specifically in the ABA-treated plants 1 h after spraying, and then declined for the next 12 h, confirming the activation of ABA signaling (Fig. 6G) . Similarly, TbbZIP.1 mRNA levels increased in the ABA-treated plants and reached a plateau 1 h after spraying, lasting for 9 h, before declining by 12 h after spraying (Fig. 6A) . This suggests that TbbZIP.1 is regulated at the transcriptional level in addition to the post-translational regulation by phosphorylation, as indicated in the transient expression assays (Fig. 4C) . TbSRPP1 mRNA levels increased 1 h after ABA treatment and peaked after 6 h, confirming the ability of ABA to induce TbSRPP1 expression in planta (Fig. 6B) . The other TbSRPP genes showed diverse expression profiles in response to ABA (Fig. 6C-F) . TbSRPP5 was expressed in a similar manner to TbSRPP1, although the expression level declined more rapidly (Fig. 6F) . In contrast, TbSRPP3 was only marginally induced by ABA, and the expression level increased over time in both the treated and control plants (Fig. 6D) . TbSRPP4 showed an interesting biphasic expression profile, declining from a high level 1 h after spraying to a low level at 3 h, but then recovering to a high level by 6 h in both control and treated plants, but with a shallower decline in the presence of ABA (Fig. 6E) . Finally, TbSRPP2 expression declined after treatment but there was no significant difference between ABA-treated plants and controls (Fig. 6C) . These diverse expression profiles and responses to ABA again suggest that the individual TbSRPPs have different functions as part of an overall stress response program.
Discussion
Isolation and characterization of TbbZIP.1
Rubber biosynthesis in T. brevicorniculatum occurs on the surface of rubber particles in the latex and requires the presence of CPTs ). However, additional proteins associated with rubber particles are required for efficient synthesis in other species , Oh et al. 1999 . Recently, five TbSRPPs have been identified, which are proposed to facilitate rubber biosynthesis by stabilizing the rubber particles (Schmidt et al. 2010a .
To investigate the roles of TbSRPPs in more detail, we used the yeast one-hybrid system to isolate the bZIP transcription factor TbbZIP.1, which interacts with the TbSRPP1 promoter fragment sequence (Fig. 1) . The corresponding gene was found to be expressed at higher levels in T. brevicorniculatum laticifers than in other tissues, indicating an important role in the transactivation of the TbSRPP1 gene in these cells (Fig. 2A) . Transcription factors containing a bZIP domain generally bind DNA as homodimers and quasi-homodimers (Deppmann et al. 2004 , Deppmann et al. 2006 ), and we confirmed the dimerization of TbbZIP.1 within the nucleus by BiFC in N. benthamiana epidermal cells co-expressing TbbZIP.1 as N-terminal fusions with the two components of a split monomeric fluorescent reporter protein (Fig. 3) . The corresponding C-terminal fusion proteins were unable to form dimers, probably because the predicted dimerization domain of TbbZIP.1 is adjacent to the C-terminus and the bulky adducts of the fluorescent protein cause steric hindrance (Fig. 2B) .
The TbbZIP.1 protein is structurally similar to the ABI5-ABF-AREB subfamily, containing the characteristic four conserved domains C1-C4 (Fig. 2B) . These proteins regulate transcription in response to ABA and/or abiotic stress (Jakoby et al. 2002) , suggesting that TbbZIP.1 performs a similar function in the T. brevicorniculatum latex. Phylogenetic analysis has shown that the ABI5-ABF-AREB subfamily in A. thaliana can be divided into two groups (Bensmihen et al. 2002 , Yoshida et al. 2010 ). The first comprises five genes expressed predominantly in seeds (ABI5, EEL, DPBF2/AtbZIP67, DPBF4 and AREB3) Fig. 5 Transactivation of TbSRPP expression by TbbZIP.1. Transient expression assays were carried out using tobacco mesophyll protoplasts, and GUS activity was measured after 16 h incubation with or without 100 mM ABA. Reporter constructs containing the gusA reporter gene encoding GUS and driven by TbSRPP promoter sequences were co-transfected with an effector construct encoding TbbZIP.1 under the control of the CaMV35S promoter or the empty pAM-plasmid as a control. To normalize for transfection efficiency, a pAM-CaMV35S-luciferase (LUC) construct was also introduced into the cells. Each data point represents a minimum of three independent transfections, and the corresponding standard deviations are indicated by bars. The ratios shown on the right side indicate multiples of GUS activity compared with the value observed from each reporter construct alone. Student's t-test confirmed 95% (*) or 99% (**) confidence for co-expression of TbbZIP.1 and/or treatments. Fig. 6 ABA-induced expression of TbbZIP.1 (A) and TbSRPP genes (B-F). Four-week-old T. brevicorniculatum seedlings were sprayed with a solution containing 100 mM ABA. As controls, plants were sprayed with the same solution without ABA. The TbHVA22 gene is a homolog of the A. thaliana LEA gene HVA22 and was used as an ABA marker (G). The expression levels were measured by qRT-PCR after treatment for the indicated times, and gene expression was normalized to TbEF-1. Ratios shown above indicate the expression levels of ABA-treated seedlings compared with controls. Each data point represents the average value of 10 seedlings per sample. which regulate seed maturation and development (Finkelstein and Lynch 2000 , Lopez-Molina and Chua 2000 , Bensmihen et al. 2002 , Bensmihen et al. 2005 , Kim 2006 ). The second comprises four ABF family genes expressed predominantly in vegetative tissues (ABF1, ABF2/AREB1, ABF3 and ABF4/AREB2) which are induced by abiotic stresses such as cold, salinity and drought (Choi et al. 2000 , Uno et al. 2000 , Kang et al. 2002 , Fujita et al. 2005 ). The TbbZIP.1 gene product is more closely related to the second group, suggesting that it may help to regulate stress responses in T. brevicorniculatum (Table 1) .
Transient expression assays showed that TbbZIP.1 was able to transactivate the expression of TbSRPP genes in an ABA-dependent manner, with the most potent effect on the TbSRPP1 promoter (Figs. 4B, 5) . Although the reporter constructs were transactivated by TbbZIP.1 alone, GUS activity was boosted significantly by the presence of exogenous ABA, indicating that TbbZIP.1 requires ABA for full activity. The activities of A. thaliana ABF2/AREB1 and ABF4/AREB2 (as well as those of the related rice proteins TRAB1 and OREB1) are modulated by the phosphorylation of serine and threonine residues in their conserved N-terminal domains, potentially by protein kinases such as CKII, CDPKs and SnRK2 (Uno et al. 2000 , Kagaya et al. 2002 , Choi et al. 2005 , Furihata et al. 2006 , Sirichandra et al. 2010 , Yoshida et al. 2010 , Hong et al. 2011 . The protein kinase inhibitor staurosporine reduces the transactivation activity of ABF2/ AREB1 and ABF4/AREB2 in the presence of ABA (Uno et al. 2000 , Furihata et al. 2006 ), and we showed that the same inhibitor also reduces the ABA-dependent activity of TbbZIP.1 (Fig. 4C) , suggesting that TbbZIP.1 activity also depends on the conserved serine/threonine residues present in the C1-C4 domains. The phosphorylation of TbbZIP.1 at different target sites may allow its regulation in response to diverse external signals as proposed for ABF2/AREB1, although the precise functional analysis of these target sites has not been reported (Furihata et al. 2006) . Recently, two conserved serine residues within the DNA-binding domain of the bZIP transcription factors HYPOCOTYL5 (HY5) and AtbZIP63 were shown to make direct contact with target DNA sequences (Kirchler et al. 2010) . These serine residues are also conserved in TbbZIP.1, suggesting that they may similarly act as protein kinase substrates and modulate protein-DNA interactions (Fig. 2B) .
Plant bZIP proteins typically bind to the ACGT core sequence of the ABREs found in many ABA/stress-inducible genes (Izawa et al. 1993 , Foster et al. 1994 , Menkens et al. 1995 , Busk and Pages 1998 . The ACGT core sequence is not present in the TbSRPP1 promoter fragment we used as the bait to isolate TbbZIP.1, and other ABA-inducible genes are known to lack this sequence , Kim 2006 . The basic region of TbbZIP.1 is nearly identical to that of the other ABI5-ABF-AREB subfamily members, which suggests they have similar DNA binding properties (Fig. 2B) . Interestingly, AtABF1, AtABF3 and the AtDBPFs have also been shown to bind non-ACGT DNA sequences (Kim et al. 1997 , Kim et al. 1998 , Choi et al. 2000 , Uno et al. 2000 , suggesting that TbbZIP.1 shares this ability. The binding properties of TbbZIP.1 may also be affected by the presence of an arginine residue at a conserved site occupied by glutamine in the other ABI5-ABF-AREB proteins. However, the specific cis-acting regulatory element within the TbSRPP promoter sequences that is recognized by TbbZIP.1 remains elusive and will be sought in future experiments involving a larger collection of latex-specific promoters, including those of the TbCPT genes.
The induction of TbSRPP gene expression by ABA is potentially mediated by TbbZIP.1 ABA influences many developmental and physiological processes in plants and plays a central role in adaptive responses to stresses such as cold, drought and salinity (Finkelstein et al. 2002 , Mauch-Mani and Mauch, 2005 , Wasilewska et al. 2008 , Ton et al. 2009 , Cutler et al. 2010 . We found that the expression of TbbZIP.1 and many of the TbSRPP genes can be induced by applying exogenous ABA to T. brevicorniculatum seedlings, suggesting that the TbSRPPs may be involved in stress tolerance in a process mediated by TbbZIP.1 (Fig. 6) . The expression of TbSRPP2 in protoplasts was transactivated by TbbZIP.1 in an ABA-dependent manner (Fig. 5) , but in whole plants the gene was induced to the same extent by spraying with ABA and with the control solution lacking ABA, suggesting a more complex signaling process at the whole-plant level involving additional mechanisms (Fig. 6) . The similarity between TbSRPP1, TbSRPP2 and AtSRP, together with the distinct spatial expression pattern of the TbSRPP2 gene, suggests a functional difference between these two TbSRPPs and TbSRPP3-TbSRPP5 (Schmidt et al. 2010a ). This is supported by the transient expression data, which showed that TbSRPP1 and TbSRPP2 are more strongly transactivated by TbbZIP.1 than the other genes, suggesting that additional regulatory processes may be involved. Plant responses to stress are regulated by multiple pathways that induce overlapping gene expression patterns in response to different signals (Singh et al. 2002 , Chen and Zhu 2004 , Golldack et al. 2011 . The diverse TbSRPP expression profiles in the presence and absence of ABA (Fig. 6) indicate that the TbSRPP genes are differentially regulated and may therefore fulfill distinct yet overlapping stress response functions which will need to be addressed by knocking out the genes individually and in combination to determine their impact on stress tolerance and rubber biosynthesis. The regulation of the TbSRPP genes by TbbZIP.1 suggests that this transcription factor may represent an integration point allowing the regulation of rubber biosynthesis in response to different forms of stress. It will be interesting to investigate the influence of other plant hormones and stress conditions on rubber biosynthetic gene expression in future experiments, both to dissect the regulatory processes and to develop strategies for the enhanced production of rubber.
TbSRPPs create a potential link between stress tolerance and rubber biosynthesis
TbSRPPs are thought to promote rubber biosynthesis in T. brevicorniculatum by stabilizing the structure of rubber particles . Additionally, our data suggest a dual role for these proteins which creates a link between rubber biosynthesis and stress tolerance. This link is supported by reports showing that SRPP orthologs in plants that do not produce rubber are involved in stress responses, e.g. the overexpression of the pepper SRPP ortholog Capsicum annuum stress-related protein 1 (CaSRP1) in A. thaliana improved drought tolerance (Kim et al. 2010 ) and the Helianthus annuus SRPP ortholog was shown to be induced in cold-acclimated plants (Balbuena et al. 2011) . Interestingly, it has been reported that cold temperatures induce rubber transferase activity (Ji et al. 1993 , Cornish and Backhaus 2003 , Ponciano et al. 2012 ) and increase rubber production in P. argentatum (Veatch-Bolhm et al. 2007 , Benedict et al. 2010 , Salvucci et al. 2010 ) perhaps due to the presence of a cold-inducible CPT gene (Ponciano et al. 2012 ). We recently identified T. brevicorniculatum CPTs with a key role in rubber biosynthesis, and their co-localization in rubber particles with SRPPs provides a further potential link between stress responses and rubber biosynthesis (Schmidt et al. 2010b . The HbSRPP promoter is predicted to contain numerous light-dependent and stress-responsive regulatory elements (Sandeep et al. 2012) and is up-regulated by tapping (Sookmark et al. 2002) . Functional analysis of this promoter in transgenic T. brevicorniculatum plants revealed that it is primarily active in laticifers and is induced by light, cold and tapping (Sandeep et al. 2012) , suggesting that endogenous SRPPs may be regulated in a similar manner involving ABA-dependent signaling. Since TbSRPPs appear to promote rubber biosynthesis , the activation of TbSRPP promoters should enhance rubber production. Rubber biosynthesis in response to environmental stress is commensurate with the supposed primary function of latex to defend against pathogens, parasites and herbivorous insects (Dussourd and Eisner 1987 , Dussourd 2003 , Konno et al. 2004 , Agrawal and Konno 2009 , Konno 2011 .
To summarize, we have isolated and characterized the bZIP transcription factor TbbZIP.1, which regulates TbSRPP gene expression in response to ABA. The plant hormone promotes TbbZIP.1 activity both by up-regulating transcription of the TbbZIP.1 gene and by activating protein kinases that modify the TbbZIP.1 protein by post-translational phosphorylation, enabling it to interact with target DNA sequences in the TbSRPP gene promoters. The individual TbSRPP genes show diverse expression profiles in response to TbbZIP.1 and ABA, reflecting potentially distinct but overlapping roles in rubber biosynthesis and stress responses. The induction of TbSRPP genes in response to stress would increase rubber production, which matches the postulated defensive role of latex and rubber in nature, but could also be exploited to increase rubber production in cultivated plants.
Materials and Methods

Plant material and cultivation conditions
Taraxacum brevicorniculatum plants were cultivated as previously described by Post et al. (2012) .
Treatment with ABA
Surface-sterilized T. brevicorniculatum seeds were sown on sterile filter paper placed on top of half-strength Murashige and Skoog (1/2 MS) agar plates (Murashige and Skoog 1962) and were allowed to germinate at 26 C with a 16 h photoperiod. Three-week-old seedlings were sprayed with a solution containing 100 mM ABA (Sigma) dissolved in methanol and 0.02% (v/v) polyoxyethylene sorbitan monolaurate (Tween-20) under high humidity conditions as described by Weaver et al. (1998) . Control seedlings were sprayed with the same solution lacking ABA. Seedlings were treated for 1, 3, 6 and 12 h, and 10 seedlings were harvested into liquid nitrogen at each time point for RNA extraction. Treatments were repeated three times.
Isolation and characterization of TbSRPP 5 0 regulatory sequences
The 5 0 regulatory sequences of the TbSRPP1, TbSRPP2, TbSRPP3, TbSRPP4 and TbSRPP5 genes were identified by genome walking using the GenomeWalker TM Universal Kit (Clontech) and primers TbSRPP1-GSP1 with nested primer TbSRPP1-GSP2, TbSRPP2-GSP1 with nested primer TbSRPP2-GSP2, TbSRPP3-GSP1 (also used as the nested primer), TbSRPP4-GSP1 with nested primer TbSRPP4-GSP2, and TbSRPP5-GSP1 with nested primer TbSRPP5-GSP2 (Supplementary Table S1 ). The promoter and cDNA sequences were aligned using ClustalW (Larkin et al. 2007 ) and the EMBOSS Needle Alignment tool from EMBL-EBI (www.ebi.ac.uk), respectively. We carried out de novo sequence analysis using TFSEARCH (Heinemeyer et al. 1998 ) and homolog searching using BLAST (Altschul et al. 1990 ).
Characterization of the TbbZIP.1 gene The TbbZIP.1 gene was isolated by amplifying T. brevicorniculatum genomic DNA with the primer combinations TbbZIP.1-fwd-XhoI/TbbZIP.1-GSP3-rev and TbbZIP.1-GSP4-fwd/ TbbZIP.1-GSP5-rev (Supplementary Table S1 ). Products were transferred to the pCRII Õ Topo Õ vector (Invitrogen) for sequencing.
according to the manufacturer's instructions. Total RNA was isolated from latex by cutting the roots with a scalpel and capturing the expelling latex in homogenization buffer (4 M guanidine isothiocyanate, 100 mM Tris-HCl pH 7.0, 5 mM dithiothreitol) using 100 ml of buffer for each 20 ml of latex. After mixing with QIAzol TM Lysis Reagent, total RNA was extracted using the RNeasy Õ Lipid Tissue Mini Kit (Qiagen) according to the manufacturer's instructions. RNA samples from all tissues were treated with RNase-free DNase I (NEB), and then the samples were precipitated in 0.1% (v/v) 7.5 M ammonium acetate and 2.5% (v/v) 100% ethanol, and incubated at -20 C for 1 h. RNA pellets were recovered by centrifugation (20 min, 13,000 Â g, 4 C), washed in 100 ml of 70% ethanol, dried and dissolved in 30 ml of RNase-free water. Each RNA sample was checked for DNA contamination by PCR using the intron-spanning primers Tb-GAPDH-fwd and Tb-GAPDH-rev followed by agarose gel electrophoresis.
cDNA synthesis and qRT-PCR
We carried out qRT-PCR experiments according to MIQE guidelines (Bustin et al. 2010 ). The quality and integrity of the isolated RNA was determined by spectrophotometric analysis using a NanoPhotometer (Implen) and subsequent analysis of rRNA bands on the agarose gel. The mRNA was transcribed with SuperScript Õ reverse transcriptase (Invitrogen) according to the manufacturer's protocol using random hexamers as primers (Fermentas) and 2 mg of total RNA from each sample as the template. The cDNA quality was determined by PCR using the primer combination Tb-GAPDH-fwd and Tb-GAPDH-rev followed by agarose gel electrophoreses.
Primers for qRT-PCR experiments were designed to anneal at positions of significant sequence divergence for all analyzed genes, as revealed by multiple sequence alignment. All primer sequences and combinations were validated in silico using the Oligo Proberty Scan (MOPS) provided by Eurofins MWG Operon (https://ecom.mwgdna.com/services/webgist/mops. tcl). They were also be evaluated empirically, and were accepted if they produced single amplicons revealed by melt curve analysis, agarose gel electrophoresis and sequencing. TbbZIP.1 was amplified using forward primer TbbZIP.1-RT-fwd and reverse primer TbbZIP.1-RT-rev. The SRPP genes were analyzed using the primer combinations TbSRPP1-RT-fwd/ TbSRPP1-RT-rev, TbSRPP2-RT-fwd/TbSRPP2-RT-rev, TbSRPP3-RT-fwd/TbSRPP3-RT-rev, TbSRPP4-RT-fwd/ TbSRPP4-RT-rev and TbSRPP5-RT-fwd/TbSRPP5-RT-rev. The ABA marker TbHVA22 was amplified using primer combination TbHVA22-RT-fwd/TbHVA22-RT-rev. In each case, the T. brevicorniculatum gene encoding translation elongation factor EF-1a was used as a reference, and was amplified using the primers TbEF1a-fwd and TbEF1a-rev. All primer sequences with corresponding concentrations, annealing temperatures and additives, if required, as well as the accession numbers of target genes and amplicon lengths are provided in Supplementary Table S2 .
The qRT-PCR experiments were carried out in triplicate using an iCycler real-time PCR system (Bio-Rad), each reaction involving 45 amplification cycles followed by melt curve analysis in a CFX 96 cycler (Bio-Rad). Each sample comprised 7.5 ml of cDNA (diluted 1 : 20) mixed with 12.5 ml of iQ TM SYBR Õ Green Supermix (catalog: 170-8882, charge: 730001094, Bio-Rad) and 5 ml of gene-specific primer mix (10 pmol each). Detailed qRT-PCR data from the CFX Manager TM software (Version 2.1) is provided as Supplementary Tables S3 and S7-S13. Data were analyzed using REST-MCS software (Pfaffl et al. 2002) .
Yeast one-hybrid system
The cDNA prey library was constructed from purified T. brevicorniculatum latex mRNA using the Matchmaker One-Hybrid Library Construction and Screening Kit (Clontech) according to the manufacturer's instructions. Latex mRNA was purified using the Oligotex Õ mRNA Mini Kit (Qiagen) according to manufacturer's recommendations. Single-and double-stranded cDNA was synthesized according to the SMART method (Zhu et al. 2001 ) using oligonucleotides and enzymes included in the Matchmaker kit described above. The double-stranded cDNA was amplified by long-distance PCR (LD-PCR) using Advantage 2 DNA polymerase (Clontech) and size selected (>200 bp) using Chroma Spin TM TE-400 columns (Clontech). The selected cDNA was introduced into Saccharomyces cerevisiae Y187 (Clontech) along with the SmaI-linearized prey vector pGADT7-Rec2 using lithium acetate and polyethylene glycol as described by Ito et al. (1983) and was incorporated into the vector in vivo by homologous recombination. Yeast colonies were washed from the agar plates with 0.9% (w/v) NaCl, pelleted by centrifugation (500Âg, 10 min) and resuspended in 25 ml of TELT [50 mM Tris-HCl, 20 mM EDTA, 2.5 M LiCl, 4% (v/v) Triton X-100]. Prey vectors containing cDNA inserts were isolated as described by He et al. (1989) . Isolated vectors were incubated overnight at -20 C in three volumes of ice-cold 100% ethanol and 0.1 vol. of sodium acetate, and centrifuged at 16,000Âg for 1 h at 4 C. After two washes with 70% (v/v) ethanol, the pellet was air dried and dissolved in water. The isolated prey constructs were purified using the NucleoSpin Õ Plasmid Kit (Macherey-Nagel). The cDNA library was amplified in Escherichia coli using the pBluescript II XR cDNA library construction kit (Stratagene) according to the manufacturer's instructions and two cultures were cultivated in 450 ml of low-melting-point agarose, each inoculated with $5 Â 10 5 colony-forming units (30 C, 45 h). After harvesting the cells, the cDNA library was isolated using the NucleoBond Õ AX 100 Kit (Macherey-Nagel) according to the manufacturer's protocol.
The bait plasmid pHIS2.1-PTbSRPP1-246-87bp was constructed by amplifying a 159-bp fragment of the TbSRPP1 promoter upstream of the TATA box (position -246 to -87 bp) using the primer combination SRPP1PF-fwd-SacI/ SRPP1PF-rev-SpeI. The fragment was inserted into the SacI and SpeI sites of the vector pHIS2.1 (Clontech), and the construct pHIS2.1-CaMV35S was used as a control for TbbZIP.1 binding specificity. The CaMV35S promoter was transferred from the pUC18-based vector pAM-CaMV35S ) by digesting with SacI and EcoRV, and transferred to vector pHIS.2.1, which had been linearized with SpeI, blunted with Klenow polymerase (New England Biolabs) and re-digested with SacI. The integrity of all constructs was confirmed by sequencing.
The basal activity of the construct pHIS2.1-PTbSRPP1-246-87bp was determined by transforming S. cerevisiae Y187 cells with the bait construct and analyzing growth by colony spotting on media supplemented with different concentrations of 3-AT. To identify PTbSRPP1-246-87-binding proteins, prey and bait constructs were introduced simultaneously into S. cerevisiae Y187 cells as described above and selected on synthetically defined medium supplemented with the appropriate concentrations of 3-AT based on the instructions in the Matchmaker kit (Clontech).
Transactivation experiments in tobacco mesophyll protoplasts
Reporter constructs for transient expression in tobacco protoplasts contained either the 246-bp TbSRPP1 promoter fragment used in the yeast one-hybrid experiments plus the TATA box and 5 0 UTR, or these sequences in addition to approximately 1 kb of upstream promoter sequences from the corresponding TbSRPP gene, in each case placed upstream of the gusA reporter gene. The construct pAM-CaMV35S-GUS was generated by inserting the gusA gene using the NcoI and XbaI sites into pUC18-based vector pAM-CaMV35S. The TbSRPP upstream sequences were amplified using primer combinations PTbSRPP1-HindIII-fwd/PTbSRPP1-XhoI-rev, PTbSRPP2-SmaIfwd/PTbSRPP2-XhoI-rev, PTbSRPP3-SmaI-fwd/PTbSRPP3-XhoI-rev, PTbSRPP4-HindIII-fwd/PTbSRPP4-XhoI-rev and PTbSRPP5-SmaI-fwd/PTbSRPP5-XhoI-rev (Supplementary Table S1 ). The products were inserted into vector pAM-CaMV35S-GUS by exchanging the CaMV35S promoter sequence (using HindIII and XhoI sites) with PTbSRPP1 and PTbSRPP4 to generate pAM-PTbSRPP1-GUS and pAM-PTbSRPP4-GUS, or by exchanging the CaMV35S promoter sequence (using SmaI and XhoI sites) with PTbSRPP2, PTbSRPP3 and PTbSRPP5 to generate PTbSRPP2-GUS, pAM-PTbSRPP3-GUS and pAM-PTbSRPP5-GUS. The 246-bp TbSRPP1 promoter fragment was amplified using primer combination PSRPP1PF-fwd-SacI/PTbSRPP1-rev-XhoI and the product was inserted into vector pAM-CaMV35S-GUS by exchanging the CaMV35S promoter (using SacI and XhoI sites) to generate construct pAM-PTbSRPP1-246-GUS. The effector plasmid pAM-CaMV35S-TbbZIP.1 was generated by amplifying the TbbZIP.1 coding sequence using primers bZIP-fwd-XhoI and bZIP-rev-XbaI and the prey plasmid pGADT7-Rec2 with full-length TbbZIP.1 as a template, and inserting the product into vector pAM-CaMV35S-GUS by replacing the gusA gene. The construct pAM-CaMV35S-LUC was generated by inserting the luc+ gene from the pGL3-Basic vector (Promega) into vector pAM-CaMV35S using the NcoI and XbaI sites. The integrity of all constructs was verified by sequencing. All primer sequences are listed in Supplementary  Table S1 .
Protoplasts were isolated from sterile tobacco (N. tabacum var. SR1) leaves and transfected using the Ca(NO 3 ) 2 /polyethylene glycol method (Negrutiu et al. 1987) . Each preparation comprised 3.3 Â 10 6 protoplasts, which were co-transfected with 5 mg each of the reporter and effector constructs (or the appropriate control vector without inserts). Vector pAMCaMV35S-LUC was also transfected into the cells to normalize for transfection efficiency. ABA (Sigma) was dissolved in methanol and added to the protoplast regeneration medium at a final concentration of 100 mM. An appropriate amount of methanol was added to the control transfections. Staurosporine (Sigma) was dissolved in dimethylsulfoxide (DMSO) and added to regeneration medium to a final concentration of 100 mM. An appropriate amount of DMSO was added to control experiments. Transfections were carried out at least four times per experiment and the data for each point were collected from a minimum of three independent transfections. The transfections were incubated for 16 h at 26 C in the dark. After harvesting, protoplasts were frozen in liquid nitrogen and immediately lysed by vortexing for 1 min in 50 ml of 1 Â Cell Culture Lysis Reagent (CCLR) from the Luciferase Assay System (Promega).
After removing cell debris by centrifugation (11,000Âg, 1 min), GUS activity in the supernatant was assayed as described by Jefferson et al. (1987) with modifications. We added 25 ml of the supernatant to 225 ml of 0.1 mM 4-methylumbelliferyl-b-D-glucuronide (Sigma) and incubated the mixture at 37 C for 30 min, taking 100 ml samples at 5 and 30 min and adding 100 ml of 0.4 M Na 2 CO 3 in a 96-well PureGrade TM S plate (Brand). The fluorescence was measured in a SpectraMax M2 microplate reader (Molecular Devices). Luciferase activity was determined by using the Luciferase Assay System to analyze 20 ml of the supernatant according to the manufacturer's instructions. The luminescence was measured in a Luminoskan Ascent Microplate Luminometer (Thermo Fisher Scientific).
BiFC system
The TbbZIP.1 coding sequence was amplified to produce sequences with and without a stop codon using the common forward primer bZIP-fwd-BspHI in combination with the reverse primers bZIP-TAG-rev-XhoI and bZIP-GTA-rev-XhoI (Supplementary Table S1 ). The products were digested with appropriate enzymes and inserted into the NcoI and XhoI sites of the Gateway vector pENTR4 TM (Invitrogen). The resulting pENTR4 TM -TbbZIP.1 constructs, with and without a stop codon, were introduced into the plant expression vectors pBaTl-NmRFP-ccdB and pBaTlCmRFP-ccdB or pBaTl-ccdB-NmRFP and pBaTl-ccdB-CmRFP by LR recombination to generate N-or C-terminal split mRFP-TbbZIP.1 fusions (Müller et al. 2010 ). The empty pBaTl-split-mRFP control vectors were generated by end filling the digested vectors with Klenow polymerase, followed by re-ligation and C-terminal recombination in appropriate pBatTl vectors.
Appropriate combinations of vectors were introduced into Agrobacterium tumefaciens strain GV3101 pMP90 by electroporation and simultaneously infiltrated into the leaves of 4-week-old N. benthamiana plants along with A. tumefaciens strain C58C1, which carries the pCH32 helper plasmid encoding the RNA silencing suppressor protein p19 from Tomato bushy stunt virus (Voinnet et al. 2003 , Walter et al. 2004 . Transformed plants were illuminated continuously and analyzed 4 d after infiltration by cutting leaves into small discs and screening abaxial epidermal cells for red mRFP fluorescence by CLSM using a Leica TCS SP5 X microscope (Leica Microsystems) with excitation/emission wavelengths of 549/569-629 nm. Bright field images were obtained by activating the transmission photomultiplier tube.
